Abstract. The natural cycle of Bartonella bacilliformis remains uncertain, and the suspected existence of animal reservoirs for the bacterium has never been convincingly demonstrated. We conducted a survey of Bartonella species infecting intradomicillary animals in a bartonellosis-endemic region of Peru, obtaining blood from 50 animals living in the homes of 11 families whose children had recently had bartonellosis. Bartonella-like bacteria were recovered from four of nine small rodents included in the study, but from none of the 41 domesticated animals. Identification and comparison of these isolates, and two Bartonella-like isolates obtained from Phyllotis mice in a different endemic region of Peru using serologic and genotypic methods indicated that although none were strains of B. bacilliformis, five were probably representatives of three previously unrecognized Bartonella species and one was a likely strain of the pathogenic species B. elizabethae.
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Although records of human bartonellosis predate Columbus, the epidemiology of the disease and the natural cycle of its etiologic agent Bartonella bacilliformis remain virtually unknown. Humans are the only known reservoir of the disease, and asymptomatic infection by B. bacilliformis in the population of endemic regions of Peru has been demonstrated. 1, 2 However, since bartonellosis can be acquired in several Andean valleys uninhabited by humans, other reservoirs for the disease may exist. 3 Inhabitants of endemic valleys have domestic animals including horses, donkeys, dogs, cats, cavies, rabbits, goats, cattle, and fowl, and all are susceptible to bartonellosis and develop lesions similar in appearance to those observed on the skin of patients with verruga peruana; 4 however, such infections have never been microbiologically proven. Several in vitro studies have, however, demonstrated that bartonellosis can be induced in a number of animal species other than humans, although with very different, usually less severe, manifestations. [5] [6] [7] The sand fly Lutzomyia verrucarum has long been implicated as a vector of the disease in Peru 8 , and its distribution is very similar to that of bartonellosis. 9 Female Lutzomyia sand flies parasitize a range of warm-blooded animals as well as humans, 10 and thus could act as vectors should B. bacilliformis have a nonhuman host.
A revival in medical interest in B. bacilliformis has followed the recognition of other Bartonella species as emerging pathogens. Bartonella henselae, B. quintana, and B. elizabethae have now been demonstrated as the agents of bacillary angiomatosis and other acquired immunodeficiency syndrome-related conditions, 11 and cat scratch disease, trench fever, and endocarditis among the immunocompetent. [12] [13] [14] [15] The genus also includes several species for which human pathogenicity has not been demonstrated; these species have been encountered parasitizing the erythrocytes of rodents or other small mammals, [16] [17] [18] [19] and infections typically occur in more than 40% of a given population. 16 Importantly, the pathogenic species B. henselae naturally infects domestic cat populations at a prevalence similar to that observed for bartonellosis among rodents. 20, 21 Furthermore, rodents were proposed as the reservoir for B. quintana, the agent of trench fever, a disease highly prevalent among troops during World War I. 22, 23 Although neither cats nor rodents develop any obvious symptoms of infection, with the large numbers of erythrocytes infected it is likely that their health is in some way impaired. Arthropod vectors have been proposed for almost all the Bartonella species. 22, 24, 25 This report describes a survey of Bartonella species infecting the blood of intradomicillary animals in the Huayllacallán valley in Ancash, Peru, a valley where bartonellosis is endemic and where its incidence has previously been studied. 26 The disease is well known to the local population; anecdotal evidence indicates that the febrile and eruptive verrugal stages of the disease occur in almost all young children (usually between one and three years old), with verruga peruana occasionally reappearing in adulthood. Bartonellalike bacteria isolated from these animals, together with two other Bartonella-like isolates obtained from Phyllotis mice trapped in the bartonellosis-endemic Rímac valley in Lima, Peru, were then characterized using a variety of phenotypic and genotypic methods. These methods allowed comparison with each other and the presently recognized Bartonella species.
MATERIALS AND METHODS
The field work for this study took place in March 1995 in and around the villages of Yumpe, San Lucas, and Buena Vista in the Huayllacallán Valley, Department of Ancash, Peru. The study area had an altitude of between 2,000 and 2,600 m.
Selection of homes. Homes were sought in which members of the household had had bartonellosis within the previous three years. Since one member of our group (JC) had worked in the study area a number of times previously, and was therefore well known to the local population, the objectives of the present study were easily disseminated among them, and numerous volunteers were forthcoming. The occurrence of bartonellosis among the families in volunteer households was determined by questioning senior members. A confident description of the presence of characteristic an- giomatose skin lesions (as opposed to the skin lesions associated with highly prevalent leishmaniasis), was considered evidence of bartonellosis. Collection of blood from domesticated animals and trapped small mammals. Prior to collection of blood samples or setting of traps, the objectives of the study were thoroughly explained to senior members of each household selected, and work did not proceed until they had provided informed consent. In each house, blood samples (1-5 ml) were collected from all the cats and dogs owned by the family. If cavies were kept, two were purchased and blood was collected from these by cardiac puncture following their killing. On collection, thin blood smears were prepared from each sample and the remainder was transferred into cryotubes and preserved in liquid nitrogen.
The small mammals used in this study were caught in traps set overnight in the homes of volunteer families. The traps were placed in strategic positions where such animals were frequently sighted. Trapped animals were killed and blood was collected by cardiac puncture. Blood samples were handled as described above.
Identification of bacteria in blood smears. Blood smears were fixed in methanol, stained with Giemsa, and then examined microscopically for the presence of erythrocyte-associated purple, pleomorphic bacilli using a 100ϫ objective lens. If no organisms were observed after 5 min of inspection, the smear was considered negative.
Isolation and cultivation of Bartonella species. The isolation of Bartonella species was attempted from all blood samples that had been cryopreserved. Each blood sample was inoculated onto Columbia blood agar containing 10% whole blood and inoculated plates were incubated for up to four weeks at both 30ЊC and 37ЊC in a moist atmosphere. Picks were made from any small, white/translucent, slowgrowing colonies that appeared on any of the media, and subsequent colonies were presumptively identified as Bartonella species on the basis of microscopic appearance following Gram staining, nongrowth on media not containing blood, and lack of reactivity in oxidase and catalase tests.
Source of reference and non-survey strains. Details of the sources of the recognized and extant Bartonella species are presented in Table 1 . Blood samples collected from two Phyllotis peruviana mice, which had been trapped in the vicinity of the town of Surco in the Rímac Valley, Department of Lima, Peru, were also available for testing. These rodents had been trapped in March 1994 by Dr Enrique Pérez (Instituto de Medicina Tropical Alexander Von Humboldt). The part of the Rímac Valley in which these animals were trapped lies within an endemic zone for human bartonellosis. The cultivation and isolation of Bartonella strains from both these samples was achieved using the same methods described above, and the isolates were stored at Ϫ70ЊC until the time of this study.
Restriction endonuclease analysis (REA) of 16S/23S rRNA intergenic spacer regions (ISRs). Crude DNA extracts, suitable for use in polymerase chain reactions (PCRs), were obtained from cultured isolates and reference strains by boiling a heavy bacterial cell suspension mixed 4:1 with a 20% (w/v) solution of Chelex 100 (Bio-Rad Laboratories, Ltd., Hemel Hempstead, United Kingdom) in distilled water. The PCR amplification of the intergenic spacer region (ISR) between the 16S and 23S rRNA encoding genes of each Bartonella strain, and subsequent REA of the amplification products was carried out as previously described. 27 Restriction digests were resolved by electrophoresis on 3% NuSieve (FMC Bioproducts, Rockland ME) agarose gels, and visualized under UV light following staining with ethidium bromide. Digestion profiles were recorded and analyzed using the Imager apparatus and QGEL-ID software (Appligene, Illkirch, France).
Serologic examination. Hyperimmune rabbit antisera were raised against each of the novel isolates using previously reported methods. 28 Each Bartonella isolate to be tested was harvested from agar plates and emulsified in 1 ml of phosphate-buffered saline, pH 7.2, (BioMérieux SA, Marcyl'Etoile, France) so that the resulting suspension was only just visibly turbid. Approximately 5 l of each antigen suspension was added to each well of a 16-well teflon-coated microscope slide (CA Hendley, Ltd., Loughton, United Kingdom) and the slides were air-dried at 37ЊC for 15 min, then fixed in 100% ethanol for 15 min. The reactivity of each isolate was then determined using an indirect immunofluorescence test format as previously reported 28 that incorporated antisera titrated by eight doubling dilutions between concentrations of 1:100 and 1:12,800. Following this procedure, slides were microscopically examined for fluorescence by epi-illumination using 16ϫ eyepieces and a 40ϫ objective lens. Results were scored as titration values by reference to the highest dilution of antiserum for which specific fluorescence, markedly brighter than background, was observed. If no fluorescence was visible at an antiserum dilution of 1:100, the test result was considered to be negative. 
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RESULTS
Details of the households and animals used in the survey. A total of 11 households were identified for inclusion in the study. Bartonellosis, manifested as verruga peruana, was thought to have afflicted at least one member of each household between 1990 and 1995.
A total of 50 animals were used in this study. The identity and distribution of these animals is given in Table 2 . Fortyone of the animals were domesticated (16 cavies, 13 dogs, and 12 cats) and nine were wild-living small mammals (two P. peruviana mice, three Mus musculus, and four Rattus norvegicus).
Detection and isolation of infecting bartonellae. Erythrocyte-associated bacteria were observed in only one blood smear, that of animal 4/IV, a P. peruviana mouse ( Table 2) .
Bartonella-like organisms were recovered from the blood of four animals ( Table 2) on media incubated at both 30ЊC and 37ЊC after between eight and 14 days of incubation. Of the other cultures, six became overgrown with non-bartonellae within 24 hr of inoculation whereas all others remained sterile at 40 days postinoculation. Subculture of the animal Bartonella isolates from the Huayllacallán and Rímac Valleys indicated all grew best at 37ЊC, and the colonies seen on all plates were of indistinguishable morphology. Microscopic examination of the bacteria demonstrated them to be small, weakly staining, Gram-negative cocco-bacilli. The number of discernible colonies on each of the primary plates was of the same order, with between 50 and 200 being counted.
Restriction endonuclease analysis of ISR amplification products. The sizes of ISR amplification products derived from the Peruvian animal bartonellae were similar to those previously reported for Bartonella species (1,400-1,600 basepairs) other than B. bacilliformis, which has a markedly shorter ISR of approximately 870-910 basepairs. 27, 29 The ISR of isolate Rphy1 was the longest of all the Bartonella species, at about 1,700 basepairs. The size of isolate C7rat was slightly smaller, and could not be resolved from that of B. elizabethae by agarose electrophoresis. The ISRs of isolates C1phy, C4phy, and Rphy2 were also indistinguishable from one another, and were approximately 1,500 basepairs long.
The profiles of the restriction fragments generated by digestion of ISR amplicons using Hae III and Hind III are presented in Figure 1 . The REA of the ISRs of three recently described Bartonella species, B. doshiae, B. grahamii, and B. taylorii, has not been previously reported; thus, observations resulting from their inclusion in the scheme are also discussed.
Digestion with Hae III yielded indistinguishable profiles for isolates C1phy, C4phy, and Rphy2. This profile was distinct from all other profiles. Isolate C7rat yielded a profile indistinguishable from that of B. elizabethae. Isolates C5rat and Rphy1, together with B. doshiae, B. grahamii and B. taylorii each yielded unique profiles. The Hind III-based REA differentiated all six of the animal isolates from each other and from the previously described Bartonella species. However, isolates C4phy and Rphy2 had an identical profile, which was very similar to that of isolate C1phy. The profile of isolate C7rat was again indistinguishable from that of B. elizabethae.
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DISCUSSION
In light of recent advances in our understanding of the natural cycles of Bartonella species and the epidemiology of the diseases they cause, it seems possible that B. bacilliformis possesses some form of non-human reservoir. The natural cycle of most Bartonella species is thought to involve an animal host, with infection being transmitted between individuals via arthropod ectoparasitic vectors. For the pathogenic species B. henselae, it appears that human infection is accidental and does not form a necessary part of the organism's life cycle; however, for B. bacilliformis and B. quintana, humans may play a more important role. Bartonella quintana infection is thought to be transmitted via the human body louse, Pediculus humanis, an arthropod specific to humans, and thus is unlikely to be directly zoonotic. However, animal reservoirs for B. quintana were highly suspected during World War I, when outbreaks of trench fever appeared to follow periods when the trenches became infested with voles 23 , and it therefore seems possible that infection may be initially acquired from animals, and under appropriate, unhygienic conditions, it can be transmitted between humans. The basic living conditions experienced by much of the population in regions endemic for bartonellosis are compatible with a similar natural cycle being proposed for B. bacilliformis. This situation may also help explain the occurrence of bartonellosis in areas that are not inhabited by humans or where their sand fly vectors have been exterminated by insecticides. 30 However, the description of prolonged, subclinical B. bacilliformis infection in humans 1,2 is more consistent with forms of Bartonella infections observed in cat or small mammal populations.
Although this study did not demonstrate evidence for an animal reservoir for B. bacilliformis, the presence of other Bartonella strains in the blood of various animals was shown. The detection of these organisms is not unexpected since similar surveys conducted in other geographic areas have identified Bartonella-like bacteria. 16, 24, 31 Of the nine wild, small mammals trapped, four were found to be infected, a prevalence similar to those reported previously. 16, 24, 31 Although this survey took place in March, which is early autumn in Peru and therefore a time when the small mammal population is at its peak, 31 the abundance of food in the field probably allowed the animals to stay away from houses, and prevented us from trapping large numbers of them. The nine captured animals resulted from almost 200 traps being set.
Surprisingly, no evidence of infection was found in any of the domesticated animals tested (0 of 41). Bartonella infections have been previously reported in cats, dogs, and cavies 20, 32, 33 and recent large surveys of the incidence of B. henselae in domestic and stray cats in the United States and Europe have demonstrated a significant level of infection. 21, 34 Furthermore, the Peruvian cats, together with all the other animals included in this study, were flea-infested and lived mainly outdoors, two of the most significant predisposing factors linked to Bartonella infection. 21, 35 The blood samples collected from cats during this study were handled in a manner appropriate for the isolation of B. henselae, and freezing of blood has even been shown to enhance sensitivity. 36 However, we did not use lysis-centrifugation methods, which have often been used to improve recovery rates. 34 The four isolates obtained could be clearly differentiated into three groups. This observation is in keeping with previous studies in which distinct species of Bartonella were found in a population of small mammals inhabiting a small area of woodland in the United Kingdom (Ball ML, 1994. M.Sc. Thesis. Liverpool School of Tropical Medicine, University of Liverpool, Liverpool, United Kingdom). 16 The isolates obtained from the two Phyllotis mice were virtually indistinguishable and are likely to represent members of the same species; they shared very similar serologic reactivities, and virtually identical ISR PCR/REA profiles. Phylogenetic study of these isolates confirmed they share a close and specific evolutionary homology. 37 The isolates obtained from rats could be distinguished from each another and from the other animal isolates using either serologic or genotypic criteria. Interestingly, isolate C7rat shared several specific characteristics with B. elizabethae, a species for which only one isolate exists, obtained from a patient with infectious endocarditis in the United States. 38 Although confirmation of the C7rat isolate's precise relationship with B. elizabethae is still required, there is little doubt that these organisms share a specific, very close relationship, as confirmed by phylogenetic assessment. 37 This finding demonstrates not only the existence of an animal reservoir for the species, but also the potential small mammal-related Bartonella species have for causing human disease. The isolate C5rat appears to represent a distinct Bartonella species, although phylogenetic analysis has suggested that within the genus it shares a very recent common line of evolutionary descent with the C7rat isolate, B. elizabethae, and B. grahamii. 37 Interestingly, R. norvegicus, the host of both the C5rat and C7rat isolates, was introduced into the New World with the Spanish conquest. It is therefore possible that the Bartonella species we observed infecting Peruvian rats descended from Old World strains that disseminated throughout the region over the last 500 years as the rat population spread. Although we have no evidence for their transfer into endemic rodent species, the demonstration of different strains of Bartonella infecting the same species of small mammal dispels the previously held notion that specific hosts are vulnerable to infection by only one species of bacterium. 16 The two Bartonella isolates originating from Phyllotis mice inhabiting the Rímac Valley were distinguishable from one another. The isolate Rphy1 was serologically and genotypically unique; however, interestingly, Rphy2 was virtually indistinguishable from the Huayllacallán Valley isolates C1phy and C4phy, the three isolates sharing characteristics compatible with them being members of the same species. Such a finding is important because the Rímac and Huayllacallán Valleys are geographically remote (Ͼ 200 km apart) and the severe topology of the region, together with the sedentary lifestyle of the communities within the valleys, curtails any significant communication between them. In evolutionary terms, one might expect divergence of populations living in ecologic isolation, and such processes have been demonstrated for other groups of organisms in the region. 39, 40 Thus, these Bartonella isolates are likely to be members of a population not limited by geographic location, altitude, etc., and they may be endemic throughout Peru and beyond. Such an observation is in concordance with the isolation of the same Bartonella species from the blood of small mammals populations in different geographic regions of the United Kingdom (Ball ML, 1994. M.Sc. Thesis. Liverpool School of Tropical Medicine, University of Liverpool, United Kingdom). 16 In summary, this study was unable to identify an animal reservoir for B. bacilliformis, although a number of previously unencountered Bartonella strains were recovered and partially characterized. One isolate appeared to be a strain of B. elizabethae, demonstrating, for the first time, that rodent-associated Bartonella species can act as a human pathogen. This study did not address the potential of the rodent isolates to cause disease among the endemic Peruvian population. However, in light of our findings, and the predisposition of the population to vector-borne infections, such an assessment is now well warranted. While ISR/REA does not provide definitive data on either the phylogenetic or the precise taxonomic status of the isolates studied, our results confirmed the usefulness of this approach in the rapid differentiation of bartonellae.
